ABSTRACT This paper compares the methods of undertaking on-line electrochemical impedance spectroscopy that have been published in the literature. This paper describes the different published methodologies and sorts these into categories. This paper looks at the theoretical analysis of the circuits and control techniques and follows up with simulation and/or experimental studies of these methods. This paper focuses on battery systems.
I. INTRODUCTION
A key challenge in a battery energy storage system [1] is understanding the availability and reliability of the system from the perspective of the end customer. A key task in this process is recognising when a battery or a module within a system starts to degrade and then mitigating against this using the control system or battery management system. Battery characterisation parameters such as internal impedance, state of health (SOH) and state of charge (SOC) are useful means of representing battery conditions.
The quantity of published literature in reputable journals around Electrochemical Impedance Spectroscopy (EIS) indicates that these measurements are a valuable tool in determining the impedance and the subsequent states of the battery. EIS is a method of data measurement which looks at the electrical and electrochemical characteristics of some material or electrical components such as a battery. An EIS test is usually performed by applying a small AC excitation signal into a test piece and measuring its response using a four-wire system. The frequency response of the test piece is produced to understand how its impedance changes over the frequency domain. Traditionally EIS methods were performed on battery systems when the battery was disconnected from the system. Offline EIS equipment tends to be expensive but is known for its accuracy.
In battery systems where it is necessary to keep the battery on-line for availability purposes, it is not desirable to have to disconnect the battery for testing. Therefore, some attempts have been made to reproduce an online version. Much of this work is recent in nature (within the last three years) and has been developed independently at different research establishments.
This paper compares and classifies these different methods. Some of these techniques are not specifically related to batteries but may be adapted for measuring battery impedance and have therefore been included. Fig. 1 is an attempt at separating these different methodologies into classifications. Fig. 1 also shows where further techniques may be developed by highlighting areas where online EIS measurements are not currently being considered. The classification starts by differentiating between offline and online measurements. An on-line method refers to a technique where the battery is still connected with a system and is able to operate independently of the measurements been undertaken.
Offline EIS measurements have been used by a number of authors over the years to undertake research into estimation of accurate battery model parameters; at different SOC or SOH [2] - [13] ; at different temperatures [9] , [14] - [16] ; with different materials [17] - [20] , and under charge/discharge cycling to look for degradation [21] - [24] . Table 1 shows a summary of the applied offline EIS testing conditions and excitation voltage and current limits for different types of batteries undertaken by these authors. These measurement methods have been in use for over twenty years [25] and are well established.
One of the challenges with online methods is to produce an excitation signal at different values of frequency with a magnitude similar to those values in Table 1 and detect the response to these signals under normal operational conditions when other voltage and currents are present. Figure 1 takes the online methods and splits these into those that require additional hardware to provide a separate excitation and those methods that use existing hardware to generate the EIS excitation. These include the battery balancing circuitry, the protection devices and the power electronic converter.
This work is organised around these different methods of producing the excitation signal as follows: Section II describes online topologies using separate excitation circuit, Sections III to VI looks at methods using existing hardware. Where Section III looks at the techniques using the battery balancing circuitry, Section IV looks at online methods using AC/DC power electronic converters, Section V looks at online methods using DC/DC power electronic converters and Section VI looks at using protection based circuitry. Section VII looks at other aspects of the methods and Section VIII compares these methods and concludes the paper with a discussion on the methodologies.
II. SEPARATE EXCITATION CIRCUIT
This technique generates an excitation signal, separate from the main battery system, through the use of separate bespoke circuits. Neti and Grubic [27] used a separate excitation circuit for EIS calculations on a three phase induction machine rather than a battery. In this paper, the excitation signal was reported as being generated between phase and ground using a coupling circuit over the frequency range of 10kHz to 9.5Mhz. Reference [28] used a signal processing circuit to inject an EIS excitation signal directly to a battery. The signal processing circuit converted a voltage signal generated from Labview software into a current signal and measured the voltage response to calculate the impedance of the battery. The current excitation signal is injected each time with a different frequency at frequency interval of 0.01Hz to 1kHz. Wang et al. [29] and Tröltzsch and Kanoun [30] used a power amplifier to generate a separate excitation signal. In this method, the impedance was calculated over the frequency ranges of 0.01Hz to 1kHz and 3mHz to 10311Hz respectively.
There has been mention of sinusoidal charging of batteries using sinusoidal ripple current (SRC) as opposed to CV and CC (constant voltage and constant current) as a means improving charging performance [31] . This is done by adding a separate AC excitation signal to the battery system. The frequency was swept from 1Hz to 1200Hz. Recent work [32] has looked at the possibility of using this to undertake EIS measurements over the frequency range of 0.1Hz to 6.31Hz. The methodology lacks detail in the published literature and although an EIS diagram is produced, it is not clear whether the method is online as the EIS plot is shown for three OCV conditions. However, there is no perceptible barrier as to why this shouldn't be made online.
References [33] and [34] employed a pseudo-random binary sequence (PRBS) current pulse perturbation to measure the impedance of the battery online. This method used a band limited pseudo-random noise signal to excite the battery current and then measure the voltage response of the battery at frequency intervals of 1Hz to 1kHz [33] and 80Hz to 2kHz [34] . This noise signal can be superimposed either as an addition to the control signal or in isolation to excite the battery. The main disadvantage of this method is the small signal to noise ratio as a result of the smaller amplitude of the measured battery voltage frequency response compared to the amplitude of the noise signal. This can be improved by using a very large input which may result in nonlinear behaviour of the system.
III. EXISTING HARDWARE -BATTERY BALANCING
This classification uses hardware in the battery balancing circuitry to inject the variable frequency excitation signal. Currently attempts have been made to introduce EIS measurement using the shunt resistor, ladder inductor, and switched capacitor battery balancing circuiting. However, there is no reason why other methods of balancing couldn't be tried also.
A. SHUNTING RESISTOR BALANCING
Koch et al. [35] introduces three methods of online impedance measurement. One of these uses battery balancing as a means of producing an excitation signal, to estimate the battery impedance over the specific frequency range of 10mHz to 2kHz. In battery balancing, a balancing resistor with a switch was used to excite the battery, as shown in Fig. 2 .
This method is sensitive to the balancing current, which results in SOC changes after each measurement. This is because the balancing circuit can only discharge the battery. The battery current is excited by modulating the switches of the balancing circuit. The current and voltage of the batteries were measured using a DS1278 Delta-Sigma (ADC) from a STM32F407 Digital Signal Processor. The reproduced excited battery current and voltage are shown in Fig. 3 .
B. LADDER INDUCTOR BALANCING
References [36] and [37] are work by the same authors who use an inductive based battery balancing system for online EIS measurement over frequency range of 25mHz to 7.66kHz. Two battery cells are connected to a ladder inductor battery balancing circuit using a switched-inductor bidirectional buck-boost converter as a building block of a ladder converter. The perturbation signal was generated by a digital signal synchronised in a FPGA and injected by the controller to the switches in the ladder circuit as shown in Fig. 4 .
When switch M1 is on, battery 1 is connected in parallel with the converter and the converter operates for time DT s . The converter is then connected in parallel with battery 2 to transfer the energy when switch M2 is on for a time the voltage of battery 1 and battery 2 for a single stage of balancing system. Din et al. [36] , [37] used TI ADS7254 12-bit ADCs and ADS7254 12-bit ADCs to measure the battery current and voltage to calculate the battery impedance.
C. SWITCHED CAPACITOR BALANCING
Varnosfaderani [38] used a straightforward switched capacitor balancing system to generate the low-frequency excitation signal as a proof concept due to its popularity in literature. The schematic of 4 battery cells with a dc/dc converter and the switched capacitors balancing technique is shown in Fig. 5 . The switched capacitor system is connected to the battery and it is used to inject a low-frequency signal at frequency interval of 1Hz to 2kHz.
The author uses a single stage of the switched capacitor balancing circuit. In this circuit, switches M1 -M4 were operated to produce a low-frequency excitation signal. The value of the capacitor was chosen so that the variable-frequency switching allows energy transfer between the two batteries. To avoid a short-circuit condition or current shoot-through, two pulse signals with a duty cycle of less than 0.5 were used for controlling the switches M1-M4 [39] .
Author uses IL300 voltage sensor and ACS712 current sensor measurement devices linked to the controller to get an EIS measurement. The battery voltages are subject to a small perturbation caused by the balancing capacitor charging and discharging. The low-frequency excitation presents in the charging and discharging waveforms is shown in Fig. 6 . In this method the batteries are discharged at an average constant value of 1.2A. Although this excitation is nonsinusoidal, the low frequency component of interest can be extracted using FFT.
The author reported that this method may not be useful when there is either a high voltage difference between the two batteries -because this results in a high value of capacitor current, or when the battery voltages are equalised as the low-frequency ripple is not visible in the waveforms. However, there is clearly research scope to expand these types of methods to investigate excitation with other battery balancing topologies.
IV. EXISTING HARDWARE -AC/DC POWER ELECTRONICS
These classifications use AC/DC power electronics system converter as a means of generating the excitation signal. In these examples, the system under test (typically a battery) is connected directly to the power converter. These methods can be further sub-divided into half bridge and full bridge topologies. The half bridge circuit allows battery charging through rectification, while, the full bridge circuit allows for full bi-directional functionality.
References [40] , [41] , and [35] are published works by the same authors, who use a half bridge AC/DC converter to inject the EIS excitation signals over frequency range of 10mHz to 5kHz to a battery. This process is uni-directional and is undertaken on battery charging only. The battery charger is connected to a number of battery cells and excites the battery cells by injecting a carrier frequency excitation signal to the converter switches. The variation of the current and voltage ripple of the battery is illustrated in Fig. 7 . Koch et al. [40] and Koch and Jossen [41] used a MCP3903 Sigma-Delta (ADC) to and a ADS1278 Sigma-Delta ADC measure the battery current and voltage. The authors reported that the synchronisation of the battery current during the measurement is a disadvantage of the method (i.e. the battery cannot simultaneously charge and discharge) as the current needs to be measured. Reference [42] measured the impedance of the battery by using a motor inverter to generate the low-frequency excitation required to look at battery impedance within vehicle drivetrain as shown in Fig. 8 . The measured current and voltage of a battery cell were excited with a multisine perturbation waveform over a frequency range of 1Hz to 2kHz. In this method, a shunt resistor and a RS 363-6810 Audio Precision APX525 network were used for battery current and voltage sensing. The excitation signal comes from the main traction current of the motor. The key disadvantage of the method is that the excitation current is produced from the motor and it's not clear what impact this has on motor operation. For example, good results may be limited to the machine fundamental frequency. So, it may not be possible for the frequency to be swept across a range of as this may impact operation.
V. EXISTING HARDWARE -DC/DC POWER ELECTRONICS
This classification considers energy storage connected to a DC-DC power electronics system prior to connection through an inverter to the grid system. This section focuses on the methods and impact of measuring battery impedance through the power electronics using a straightforward boost/buck circuit. However, the methodology is applicable for more complex topologies. The method of introducing a small excitation signal through the DC/DC power electronics is primarily a function of different forms of control. These methods can be split into diagnostic mode (very similar to offline methods) and normal operational mode. The normal operational mode can also be split into different methods used to introduce a VOLUME 6, 2018 FIGURE 9. Diagnostic mode of online EIS using a DC/DC converter. low-frequency signal. These methods include using a variable voltage set point, variable duty cycle, variable switching frequency, variable starting position and adding an impulse function.
A. DIAGNOSTIC MODE
Reference [43] used a hybrid power source of a fuel cell and electric double layer capacitor (EDLC) with bidirectional dc/dc converter hardware, as shown in Fig. 9 . The EDLC is used to reduce the load fluctuation of the fuel cell. The bidirectional converter is used to control the fuel cell under normal operating conditions and also to provide an AC excitation signal under a diagnostic setting when the fuel cell was not operational. The excitation signal was injected at two frequency range of 95.4mHz-36.6Hz and 12.2Hz-4.69kHz. Fig. 10 shows the reported excited voltage and current waveform when a superimposed signal is applied to the fuel cell through the controller in diagnostic mode. The excited voltage and current were measured by built in sensors in a DSP board. The Author reported that the proposed method shows good agreement with the offline measured impedance values. However, the impedance of a fuel cell is higher than a battery and if this method were to be applied to a battery it would need to be taken off-line to undertake the diagnostics.
B. OPERATIONAL MODE -VARIABLE VOLTAGE SET POINT
Nguyen et al. [44] used a bidirectional converter circuit with a control system to generate a small excitation voltage signal for impedance measurement and SOH estimation. In this method the battery was charged with CC/CV battery charging method and was excited with a sinusoidal voltage perturbation signal. As shown in Fig. 11 , the excitation signal is a sinusoidal voltage signal added by the voltage controller loop to excite the battery over the frequency range of 0.1Hz to 1kHz. This method was introduced for the SOH prediction of the battery, the impedance is measured only after the battery is fully charged using DSP TMS320F28335. Reference [45] uses the same method but uses a phase shift dc/dc converter to duplicate the impedance measurement. The difference between the methods is the control and bandwidth of the bi-directional converter that is used for the EIS measurement.
C. OPERATIONAL MODE -VARIABLE DUTY CYCLE
The dc/dc converter is operated such that the average duty cycle is considered constant (as if the system were operating in steady state), but the instantaneous duty cycle is varied to add a low-frequency component in order to induce a low frequency harmonic into the circuit as shown in Fig. 12 [45] - [47] .
The excitation signal is injected to the converter by varying the duty cycle of the switching PWM signal. An example of the waveform obtained using this method is shown in Fig. 13 (the battery is discharged at an average constant value of 1.2A).
Reference [46] uses the same method but uses multi-sine signals to measure the impedance of the battery with multiple harmonics at the same time rather than at a single frequency point each time. Abu Qahouq and Xia [47] used the same hardware but used the control system to add a change to the output voltage set point to create a perturbation of multiple frequencies (200Hz to 3.8kHz) to capture more data over a shorter period of time. The current and voltage data were captured by a digital controller. The proposed method suffers from the lack accuracy as the frequency order increases. Densmore and Hanif [48] used the same method but used an AC voltage ripple excited by the modulated duty cycle of the converter at a single frequency point of 500Hz. Then the battery voltage and current response were measured and analysed using DSP TI F2833 to estimate the impedance and state of charge of the battery at that single frequency.
D. OPERATIONAL MODE -VARIABLE SWITCHING FREQUENCY
Reference [38] uses a different method of injecting lowfrequency harmonics to measure the batteries impedance. In this method, the dc/dc converter is operated such that the switching frequency (as opposed to duty cycle) has the same average value but now oscillates around this value with a low frequency to induce a low frequency into the gate drive circuit. The current is excited with the induced perturbation signal to the converter gate drive. The experimental variation of the battery voltage and current waveform (discharging at 1.2A) is shown in Fig. 14 . These waveforms were measured using IL300 voltage sensor and ACS712 current sensor measurement devices.
The impedance of the battery was calculated by harmonic analysis of these waveforms across different values of low-frequency (1Hz -2kHz). The author reported that the resultant calculated impedance based on measured data using this method is not sufficiently accurate to be useful as a means of looking at on-line battery impedance. This is because the derived value of the low-frequency harmonic component is very low and this leads to a loss of accuracy.
E. OPERATIONAL MODE -VARIABLE STARTING POSITION
Varnosfaderani [38] also introduced an online method of battery impedance measurement using a pulse position modulation method. In this method of injecting a low-frequency component to the battery circuit, the current is excited with the modulated pulse control signal of the power electronic converter. The reported battery voltage and current waveform ripple variation (discharging at 1.2A) with the induced excitation signal are shown in Fig. 15 .
In this method, the switching frequency is fixed as is the duty cycle, but the starting position of the ''on'' signal varies within the switching period. However, this starting position has been shifted to allow a sinusoidal variation about the midpoint of the switching time period. A challenge in this method, is that the ''on'' pulse shouldn't cross over to either of the adjacent switching periods, so the variation of position is limited by this. Another challenge of this method is that the results are also potentially subject to hardware limitations. VOLUME 6, 2018 FIGURE 16. Measured 2.5Ah Li-ion battery Current (Middle) and Voltage (Top) waveforms. The battery is excited with a PWM (bottom) with an impulse function at a low frequency of 125Hz [38] . Y axis --> Time (s) and X axis --> Amplitude (1A/div). 
F. OPERATIONAL MODE -IMPULSE FUNCTION
Reference [38] introduced an alternative method of adding a low-frequency harmonic into the gate drive circuit by adding a low-frequency impulse function. The low-frequency signal is injected to the battery current as a combination of the impulse function with the usual switching frequency pulse waveform using an OR function. In this method the author used integer values of low-frequency pulse waveforms for convenience in conjunction with an OR function. However, the author reported that the duty cycle of the low-frequency pulse should be sufficient so that when passed through an OR function with the pulse train it results in an increase in the pulse width. This is shown in Fig. 16 . The battery current (discharging at 1.2A) is excited at each interval the switching pulse is added.
VI. EXISTING HARDWARE -PROTECTING CIRCUITRY
This section looks at a different method of injecting a low-frequency excitation signal by manipulating protection circuitry. At this point in time, only an Earth Leakage Monitoring (ELM) relay hardware has been investigated as a source of excitation. There are a different number of commercial earth leakage monitoring which include devices which detect and monitor both ac and dc circuits [50] and those that look only at dc systems [51] . An example of the operation of ELM device is shown in Fig. 17 . An ELM circuit typically has two sources. In [52] , the AC sources were used to produce a common mode signal to detect earth faults and a differential signal across the battery to produce the excitation signal at frequency range of 1Hz to 2kHz. Fig. 18 shows the added low frequency excitation ripple to the battery (discharging at 1.2A) waveforms from the differential signal using the proposed method. In this method, IL300 voltage sensor and ACS712 current sensor were used to sense the excited waveforms.
VII. MEASUREMENT
The proposed methods of using existing hardware-DC/DC and AC/DC power electronics, protection circuitry, battery balancing, and separate excitation circuit represent a promising set of results all indicating that it is possible to generate a low-frequency excitation signal to undertake on-line EIS measurement. However, it is not sufficient to merely produce an excitation signal. In order to get useful information out of the system, the following additional processes need to occur;
1) The battery voltage and current need to be accurately measured to enable a mV excitation signal (of similar magnitude to those in Table 1 ) to be detected. As this work is still at early stages, some authors have used highly accurate scopes [31] , [38] , [47] , [49] whilst others have used current and voltage sensors, battery management system and analogue-to-digital converter [28] , [29] , [32] , [35] , [36] , [41] , [42] , [53] . 2) Once the measurements have occurred the lowfrequency component needs to be extracted using some form of FFT. Although this can be done offline, [35] , [42] , and [44] report doing this online using a digital signal processing algorithm to calculate and extract the impedance of the battery from the current and voltage measurement. The impedance calculation algorithms used by authors include a digital lock-in amplifier technique and FFT algorithm. These algorithms were reported to be implemented in DSP, Lab-view, or bespoke signal processing hardware by the authors. 3) The voltage and current need to be divided to get the impedance at the harmonic of interest and this data can be turned into a Nyquist plot. However, it is more useful to take the data and then fit this to an impedance model to allow equivalent circuit parameters to be estimated. Typical models used in literature include the equivalent circuit models in Fig. 19 [28] , [32] , [40] , [42] , [49] . In a fitting method, the impedance data of the battery is used as a basis to curve fitting battery model parameters. An equivalent circuit of the battery impedance curve is used to fit the impedance data over the frequency domain. A complex nonlinear least square method can be undertaken to predict the parameter values of the battery equivalent circuit to match the measured impedance data [36] , [44] . 4) Once an equivalent circuit has been established this can be related back to chemical processes to look for signs of problems or used within a state of charge (SOC) or state of health (SOH) calculation. 5) The battery impedance is known to change with SOC and temperature, so the impedance and subsequent Nyquist plot is not constant but continually changing with time online. Research is needed into how to deal with data under these conditions and is previously only briefly mentioned in [42] .
VIII. CONCLUSION
A comparison chart of the online impedance measurement methods is shown in Table 2 . This focuses on additional hardware cost, additional ripple to any power electronic inductor resulting in a re-design and other known reported issues. This paper compared different methods of generating a low-frequency excitation signal and attempted to classify them. In most cases, these methods can be undertaken using hardware found in most battery systems. The operation principle of each technique was explained and some waveforms of the system under operation were shown. In all the proposed methods, the low-frequency component has been detected within the measured battery waveforms from the experimental setup. This indicates the possibility of using these methods to undertake and implement an online EIS measurement. However, there are potential trade-offs, for example, using dc/dc power electronic converter hardware to generate the excitation signal could result in the need for a re-design of the inductor due to increased ripple through it. What is clear is that this area of research is undergoing a rapid change and there is potential to undertake significantly more research in this area looking at different circuit topologies, different control techniques and different methods of collecting, analysing and using the data to provide information.
Within the presented work, only a limited amount of research has been done on battery balancing to date as a method of generating EIS excitation signals. There is scope for future work to look at other battery balancing methods to produce a low-frequency excitation signal for impedance measurement. Also, in a switched capacitor balancing circuit, a series resonant inductor may be considered for soft switching. Further work is required to look into the effect of the resonant switched capacitor balancing circuit to produce a perturbation signal. Further improvements to the design of the DC-DC converter is needed such that the switching frequency can be increased to allow operation at higher frequency points which would also allow the system to be applied to different applications such as solar cell monitoring and fuel cell monitoring.
